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Abstract 
The rapid increase of the world population entails the necessity to focus globally on food 
security. To be sustainable any governance of policy framework addressing the need for 
food security must also take into consideration environmental impacts.  
The key issue, in fact, is to identify an optimal balance between the efficient and sufficient 
production of food and production modes, which could minimize the impact on the 
environment. To that end scientific research can constitute a great asset for the evaluation 
of different options and in guiding policy decisions. To begin with it has to be taken into 
consideration that animal and vegetal protein production varies greatly in terms of 
efficiency and environmental impact. It follows that assessments on production efficiency 
versus environmental impact have first to be carried out sector specific to be able to 
objectively identify and, ideally, quantify positive and negative aspects.    
Recent scientific literature provides a robust nucleus of reference studies which address 
the main elements relevant for the questions the present report poses. In general, a look 
at the main elements taken into consideration for the valuation of the impact (Water 
Footprint – WFP, Carbon Footprint – CF and Life Cycle Analysis – LCA), allows to draw the 
conclusion that aquaculture is among the industrial food production systems with least 
impact on the environment.  
This may be due to the fact that the industrialization of modern farming system is relatively 
young in terms of development as well as for the obligation to implement more stringent 
legal requirements addressing the environmental protection - if compared to other farming 
system. 
The way how the EU member states are investing in developing the national production of 
protein sources in order to respond to the demand (internal and international) and the 
related political decisions are elements which go beyond the mandate of the EU legislation 
– aimed to establish fair criteria of production only.
However, when optimizing the protein production to ensure in parallel also the less 
possible environmental impact, ideally a pragmatic approach should be followed. The 
present report intends to enable stakeholders to embark on such an approach while 
ensuring that key-elements are taken into consideration.   
This study has also allowed to conclude on the real impact of the reduction of the usage 
of fishmeal/fish-oil in the aqua-feed production. While, in fact, the sustainability of such 
biotic appropriation for the production of feed poses a justifiable dilemma, we need to 
consider also if and on what extent the replacement of fishmeal/fish-oil with vegetal 
ingredients (and its impact on the environment) could result in a solution which might 
result in a (possible) worst scenario.  
In addition, an additional element has been observed, i.e. the fact that the carrying 
capacity (i.e. the amount of persons fed with a defined area of land available to produce 
food) is much higher in case of lacto-vegetarian diet, provides the conclusion that the 
production of vegetable products (if compared to the production of other food) can result 
in the possibility to feed more persons with the same land.    
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1 Introduction 
According to recent statistics, in 2015 the global population reached about 7.3 billion and 
the world population will further increase. This is the result of a combined effect of modern 
preventive and treatment medicine, as well as an improvement in living standards.  
UN has recently updated its projections on the world population dynamics until 2100, 
showing and increase to almost 10 billion people until 2050 and from then to 2100 to 
around 11 billion with a span from 7 to 16.6 billion by the end of the century, depending 
on the fertility rate. While for all other regions population should start to decrease between 
2050 and 2100, in Africa the population growth would continue (+3 billion). 
This would immediately imply the need of more efficient food production aimed to ensure 
feeding an exponentially growing population. However, in assessing the possible scenario 
of an increase of food production we need to take into consideration a number of basic 
questions, such as the type of food, where and how to produce to meet the demand, and 
what are the immediate consequences on the environment. Food industries are, in fact, 
impacting the environment for many different reasons – from the appropriation of primary 
production, such as fisheries, to the typical impact of industrial manufacturing, such as 
the food processing.  
An additional instance should be taken into consideration – beside the more general need 
of feeding the increasing world population. In the last years, in fact, in response to 
increased economic developments (growing middle class) in developing countries also the 
nutritional trends have indicated a progressive shift towards a more carnivorous diet. This 
is an element confirmed by FAO (FAO/ILRI, 2011 Global Livestock Production System 
2011, FAO 2011 World Livestock) where the need for an increased production of meat (all 
species) has been estimated in +173% from now to 2050. In addition, according to 
Bonhommeau, S. and others (2013), the global increase in human trophic level is 
consistent with the nutrition transition that is expected to continue from plant-based diets 
toward diets higher in meat and dairy consumption.  
This would contribute to the need of increase and diversify the animal production form 
both a quantity and a quality point of view and, therefore, would result in a major pressure 
on the food industry at global level to ensure the compatibility between the increased 
production and the need to mitigate the consequent environmental impact. 
However, not all animal food industries and not all animal farming systems are the same 
in terms of environmental impact, and not all industries have been subjected to the same 
legal requirements in terms of environmental protection during their development. The 
animal productions have been industrialized differently, in terms of investment and 
moment of development, also within the very same production.  
Aquaculture, for instance, is an old and very well known practice in certain fish species 
(carp) but the full industrialization has been achieved only recently for some marketed 
species. The strict legal requirements established by the environmental legislation to 
address the impacts generated by other farming sectors in the past may be one of the 
reason of the weak further development of aquaculture. 
In the field of animal food industries, in fact, at the moment of the establishment of the 
industrialization of the farming/processing system the applicable environmental legislation 
was not so developed as it is nowadays. This may contribute, together with other 
elements, to explain the unstable and inconstant development of aquaculture industry that 
– despite its initial impressive growth rate - it is now stagnating.
It is true that also the environmental awareness of the consumers has developed 
dramatically in a very short term, and consumers are now accustomed to pay attention 
(“reasoned choose”) – much more than in the past - on the sustainability of the food 
industries and the way how such information is delivered to the public. According to a 
recent Survey (Nielsen Global Survey of Corporate Social Responsibility - June 2014) 
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globally 55% of the consumers (an increase of 10% if compared to 2011) of consumers 
are willing to pay more for products made by corporate social responsible companies. In 
addition, consumers have declared to be willing to change lifestyle (58%) or to be prepared 
to pay more (46%) for environmentally friendly products.  
Taking into account the above set of constraints and needs, it is strategic to initiate an 
analysis where to consider pros and cons of the most relevant animal food producing 
industries from the environmental impact point of view, by considering a number of 
techniques, such as Water Footprint, Carbon Footprint as well as Life Cycle Assessment.  
For the scope of the present exercise, carp farming has not been considered. 
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2 Water Footprint 
 
The trend in world water consumption follows the same principle of the need for an 
increase in the food production. As the global population will increase (UNDP) from 7.2 
(2013) to 9.6 billion (2050), then also the need/consumption of water is expected to grow 
proportionally. The key issue is, therefore, not if and on what extent the water need will 
increase, but to look closely to the best way to use the water resource.  
In fact, water use is very different in the production of food. Some authors (Notarnicola, 
B. and others, Hoekstra, A., etc.) agree that the expenditure of water in the production of 
animal protein is enormous, looking at the ratio lt of water/ kg of manufactured product. 
For instance, according to Khan (2009), the production of 1 kg of beef requires 
4,000/15,000 lt of water - an excessive amount of water if compared to the same quantity 
of grain, where only 1,000/2,000 lt of water are required.  
If we consider the amount of water necessary for the production of the very same amount 
of calories, the proportion is still unbalanced, as 2.5 to 10 times more water is required to 
produce beef (Molden, 2007) than grain. This is confirmed also by other authors 
(Mekkonen, 2012), where it has been reported that the production of different food 
products with the same nutritional value demonstrate that, in general, animal products 
manufacturing require 1.5 to 20 times higher water footprint.  
The present considerations are very relevant, as according to the 2009 World Bank Report 
the total beef production in the developing world tripled (from 45 to 134 million tons) 
between 1980 and 2002, , and the trend is for a further doubling in the period 2000 to 
2050. This mean, in practice, that in case one would opt for an increase of the production 
of animal protein, this would certainly result in a further increase of the depletion of the 
water resources, due to the impact of the relevant production process. 
In general, the water footprint (WFP) is divided into blue, green and grey WFP, where the 
Blue concerns the surface/ground water consumption, the Green the rainwater 
consumption and finally the Grey concerns the water volume necessary to assimilate the 
load of pollutants.  
The scientific publications highlight the problems to compare WFP between Countries. In 
fact a number of constraints are present which makes such comparison of the WFP related 
to animal productions almost impossible (Mekkonen, 2012). For instance, the feed 
conversion efficiencies may dramatically vary between countries, and this has an 
important impact on the quantity of feed consumed per kg of live weight. In addition, also 
the WFP of the feed crops can be different, and it is strongly influenced by the 
local/national conditions of cultivation.  
Therefore, authors can provide a rough estimate of the different WFP values between 
species, taking into consideration that this is an average – as many differences reflects 
the different kind of farming systems and Food Conversion Rate. 
In general, the WFP of farmed animal species ranges from a minimum of 4300 lt/kg 
(chicken) to a maximum of 15,400 lt/kg (beef), with the other farmed animal species 
(goat: 5,500 lt/kg, pig: 6,000 lt/kg, sheep: 10,400 lt/kg) in between. This may also be 
explained – although not completely – with the different feed conversion efficiencies of the 
farmed species, where beef – for instance – require 8 times more feed to produce 1 kg of 
meat if compared to pig meat, and 11 times more feed if compared to chicken meat. 
Therefore, we need to consider a combined effect of factors, where feed efficiencies and 
WFP of crops play a substantial role. 
Many Authors (Gerbens-Leenes et al., 2013, Mekkonen et al., 2020, Palhares et al., 2015, 
etc.) indicate that the responsibility of the WFP in the animal farming system is on the 
shoulder of the production of animal feed This results in a different impact on the diverse 
animal farming systems: poultry meat production, for instance, is ensured with an 
industrial system which requires 3.2 less feed than the grazing system. The same is 
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applicable to the industrial production of pork meat (2.9 times less feed than the grazing 
system) and beef meat (3.7 times less feed than the grazing system).  
The lower impact of the industrialized production systems is also confirmed by several 
authors (De Boer et al., 2013, Palhares et al., 2015, etc.) where the WFP of conventional 
and organic dairy production systems were compared. The blue WFP (i.e. the total 
consumption of surface and ground water) in the organic system is almost 30% greater 
than in the considered conventional system, probably due to the less nutrient efficiency 
for the organic farming system.  
However, depending on the way how information are considered and processed, we may 
draw different conclusions in the WFP of the different farming systems. In fact, if the total 
WFP (i.e. the sum of the blue, green and grey WFP) is taken into account, then in general 
the WFP increases with the extensive production, as the industrial farming system allow a 
better use of feed/kg of meat produced. In fact, in the extensive farming systems the 
reared animals need more feed to produce the same quantity (kg) of meat (high Feed 
Conversion Rate), with the consequent consumption of a proportional higher quantity of 
water.  
On the other hand, as many authors considers only the blue and grey WFP as the fraction 
of WFP which better reflects the water scarcity and the water pollution, then one may 
reach a different understanding, i.e. the WFP increases from grazing to industrial as the 
industrial farming is operated with larger concentrated feed than the extensive system. 
The scenario becomes more and more unbalanced if we compare the impact in terms of 
water use in the vegetable and the animal production. According to Mekkonen and others 
(2012), in fact, the production of animal products ranges from 1000 m3 water/ton (milk) 
to 15,400 m3 water/ton (beef meat). However, in the production of vegetable protein the 
scenario is completely different, as the impact ranges from a minimum of 200 m3/ton 
(sugar crops) to a maximum of 9000 m3 water/ton (nuts) with the other vegetable 
categories in between (cereals: 1,644 m3/ton, fruits 962 m3/ton, etc.).  
As far as aquaculture farming is concerned, according to a number of authors WFP of 
marine capture and marine aquaculture is near-zero (Gephart, 2014). However, there is 
a need to investigate also the commercial feed-related water consumption, as it represents 
an important source of water expenditure. 
In fact, more than 30 million of tons of farmed fish and crustacean are dependent form 
external nutrient inputs (Tacon, 2011) such as commercial or farm-made fish feeds. The 
inputs vary, depending on the fish species, form vegetable ingredients (soybean, canola, 
corn, cottonseed, etc. for the vegetarians/omnivorous species) to forage feed (carnivorous 
species).  
According to Verdegem et al. (2006), the fraction of water used for on-farm needs 
(drinking, washing, etc.) is negligible is compared to the water used for feed production 
regardless the animal species concerned. Usually in the pig farming the production of feed 
requires 4.7 m3 of water/ kg of live weight, while in dairy farming is 6000 m3 of water 
per cow (or 750 m3 of water per liter of milk). In case of aquaculture farming Verdegem 
ha estimated that water consumption depends on the category of farming system, from a 
minimum of 0.5/1.4 m3/kg in case of recirculation systems to a maximum of 2.7 m3/kg 
(intensive mixed pond) and 45 m3/kg (extensive farming). 
It is clear that each fish feed calls for an assessment of sustainability of the various 
alternative solutions, In fact, fishmeal and fish oil are not an indefinite source of protein, 
and fish oil may become very scarce (Boyd, 2007). On the other hand, terrestrial feed 
ingredients easily result in high chemical input, nutrients, land use intensification, 
greenhouse emissions, etc.  
In a recent paper Pahlow (2015) has described the impact of the aqua-feed production in 
terms of WFP, highlighting that the WFP values in carnivorous diet tend to be lower than 
those of omnivorous, planktivorous and herbivorous fish species due to the higher 
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incorporation of vegetal ingredients. In fact, for these species the WFP ranges from a 
minimum of 500 m3/ton (Gilthead seabream) to a maximum of 2861 m3/ton (Silver Barb).  
Many differences are present- depending of the diet formulation – but it is clear that in 
the present debate on the possibility for a better use of forage feed (frequently criticized 
as source of protein for local populations) we need to take into account that the possible 
alternatives (vegetable ingredients) may result in different, unexpected impacts (higher 
WFP).    
The different WFP of the several protein sources can be summarized in the following table: 
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Table 1: WFP of some protein production 
 
What is also interesting to note is that – on top of the excessive impact in terms of WFP – 
vegetable products are characterized by a very favorable rate of calories/kg if compared 
to the animal protein. In fact, in the vegetable product calories range between 2,500 
(nuts) to 3,500 (pulses) kcal/kg while animal protein ranges between 560 (milk) to 2,800 
kcal/kg.  
If we consider the calories produced per cubic meters of water, the better ratio in the 
vegetable productions is more evident: according to Khan et al. (2009), in fact, corn 
production can ensure from 1,000 to 7,000 calories per m3 of water, legumes from 1260 
to 3360 calories/m3, rice from 500 to 2000 calories/m3 whilst, finally, beef meat can 
provides only from 60 to 201 calories /m3 of water. 
Although it is not included in the scope of the present report, WFP is becoming a strategic 
indicator also for areas which are not strictly related to the food production and availability. 
It is interesting, therefore, at least to mention the impact in order to have a reference 
value in the present reflection.  
In a recent paper published by Friends of Earth (2015) the land use and the WF was 
calculated for a set of items present in our everyday life, such as smartphone, a cup of 
coffee/tea, etc. the results show how impactful is the production of items which at a first 
view one may consider not directly related to the use of land and water.  
The table below shows the end results of such calculation: 
Item Land use 
(m2) 
Water Footprint (lt) 
Leather boots (Pair) 50 From 14,503 to 25,024 lt 
(with/without effluent 
treatment) 
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Smartphone (hardware and packaging) 18 12,760 
T shirt 4,2 3,900 
Chicken curry (350 gr meal) 3.62 2.595 
Chocolate bar (100 gr of milk chocolate) 2.52 1.430 
Cup of Coffee (7 gr of coffee and 125 ml of 
water) 
0,1 136 
Cup of tea (3 gr of tea and 250 ml of water) 0.02 28 
Table 2: WFP and land use of some industrial production 
 
As we can see from the table, the impact of the production of a smartphone (12,760 lt) 
and 1 kg of meat (maximum 14,000 lt) is comparable. However, we have to consider that 
in the wealthier countries the consumption of meat is, in general, much more frequent 
than the purchase of a smartphone. 
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3 Carbon Footprint 
 
An additional approach to investigate the environmental impact of the farming industries, 
i.e. the carbon footprint (CF) has been explored at length in the scientific community.  
Ideally, CF is calculated according the greenhouse potential (GH) where the main 
emissions (carbon dioxide, methane, N20) are calculated by taking into consideration the 
different, relevant weight (CO2: 1eq; CH4: 23 CO2 eq.; N2O: 300 CO2 eq.). 
The source of the main emissions is different along the production chain, and can be 
summarized as follow (reviewed from Flachowski, 2009): 
      
Elements Soil/Plant 
(Fertilizers, 
Fuel, 
Herbicides, 
Seeds, Water 
Fuel&Electricity 
(Feed, Harvest, 
Storage, 
Byproducts, Food 
of animal origin) 
Animals Excrements Biogas, 
Manure 
 
Emissions 
CO2 CO2 CH4 CH4 CH4 
N2O  CO2 N2O  
 
Generally, the quantity of the emission depends on the type of farming and the type of 
feed administered to the animals. Although substantial variations are in place concerning 
the CO2 emissions from animals fed with of different feeds, according to Daemmegen and 
Haenel (2008) an average estimation of the CO2 eq. /animal in a cow farming (650 kg 
body weight, 8000 kg of milk yield and 1 calf/year) can be summarized in 336 CO2 eq. 
(CO2), 3290 CO2 eq (CH4) and 1500 CO2 eq. (N2O), for a total of 5200 kg of CO2 eq. per 
year and cow.  
The majority (65%) of the emission originates from CH4. This is, in fact, the consequence 
of the rumen fermentation, and it is strongly influenced by the rations composition.  
According to a FAO study (Steinfeld and others, 2006) on the environmental impact of the 
livestock industry, almost 40% of the global methane emission comes from animal 
husbandry, although the Countries may contribute differently – from a minimum of 3.3 
Mio/ton/year in Oceania and Japan to a maximum of 21.2 in Middle/South America (for 
the emissions from the digestion) and from a minimum of 0.4 Mio/ton/y for Oceania and 
Japan to a maximum of 4.1 in West Europe (for the emission from the excrement). 
However, in total the emission from the digestion (85,6 Mio/ton/y) represents the vast 
majority if compared to the emissions from the excrement (17,6 Mio/ton/y). 
According to many scientists (recently Nijdam, D. and others, Flachowski, G. and others) 
it is too early to draw precise conclusions of the impact of farming industry on the 
environment. In many cases the differences observed in the scientific publications, in fact, 
do not allow any reasonable conclusion. Many of the Authors have approached the topic 
looking at the weight of CO2 eq/kg of product, which may not be the most appropriate 
approach.  
An alternative (and probably more reasonable) solution could be to look at the weight of 
CO2 per kg of edible protein – as the objective of animal husbandry is generally the 
production of edible protein, in fact.  
According to Flachowski et al (2009) the emissions in kg of edible protein is relatively 
stable throughout the more common farmed species (pig, poultry, laying hens, etc.) in 
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terms of N, CH4 and CO2 with the only exception of beef cattle (see the following table) – 
much higher than in other animal species. This would confirm the higher impact of beef if 
compared to the other farmed animal species. 
 Dairy 
cow 
Dairy goat Beef 
cattle 
Fattening 
pig 
Broilers Laying 
hen 
N 0.44 0.5 1.3 0.7 0.35 0.4 
CH4 0.6 0.8 1.7 0.08 0.01 0.02 
CO2 eq 16 20 55 12 4 5 
 
The assessment of CF is calculated following the Life Cycle Assessment (LCA) technique. 
Although LCA is used for the comparison of a range of impact categories and it is not 
focusing on CF only, nowadays CF is generally understood as the LCA applied to one single 
impact category, i.e. Greenhouse gas emission. 
Recently, a 2012 study (Nijdam and others) has compared the main farming animal 
species, with the aim to verify the most impactful animal industry. On the basis of 52 LCA 
studies, it can be observed that large differences exist between products (i.e. beef meat, 
poultry meat, milk, cheese, etc.). However, for pig and poultry meat the homogeneity is 
much more evident than for cattle. This may reflect the different farming systems for 
cattle, which range from extensive to very intensive systems.  
In fact, studies demonstrate that the extensive faming system, where the conversion rate 
of feed is higher due to the less efficient transformation of the available feed into meat, is 
much more impactful than the industrialized farming system.  
This finding can be observed both for the score of the kg of CO2/kg of protein as well as 
for the land use (m2/y/kg) where logically the industrialized system is requiring less land 
than in the expensive farming. Similarly, also the dairy farming scores less than in the 
extensive farming, mainly because the efficient co-production of milk and meat in a pretty 
sophisticated industrial production.  
A progressively lower CF is observed for pig meat production, poultry, sheep meat, milk 
and eggs. A high CF is also observed for fisheries, although substantial variation is 
observed on the fishing fleets and fishing methods (purse seines and gillnets can have a 
lower CF if compared to other fishing techniques).  
Concerning aquaculture, the observed values of CF are pretty low, i.e. 2 kg of CO2 per kg 
in the case of salmon, live weight (according to Winther and al., 2009), which is a value 
in line with previous findings (1.8 kg Co2 per kg live weight in salmon, Pelletier et al, 
2009). 
What is interesting is also to observe how vegetable productions score vis-à-vis the animal 
production. According to Nijdam et al. (2012), in fact, the production of pulses scores very 
low. Beside the quantity of CO2 eq. per kg of product, the CF performance is not very 
different if the CF calculations are made to get the CO2 per kg of protein, rather than 
product. Still, the cattle extensive farming scores the highest CF (CO2/kg of protein) 
together with the production of small ruminant meat and fisheries while pork, poultry, 
eggs and milk production are almost overlapping in a “medium impact” area and pulse is 
the lowest CF.  
As mentioned earlier, the cattle meat production is characterized by evident variations of 
CF, as it fully depends on the type of farming industry (extensive/intensive, etc.). For 
instance, (according to Blonk et al.,2008) 75% of the amount of CO2 of the cattle farming 
in Brazil comes from the enteric fermentation, while the value lowers to 38% for calves 
production reared in intensive production in The Netherlands. However, although the 
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differences do not allow any conclusions, one may observe that methane from enteric 
fermentation and emission from manure are certainly the most important contributors to 
the CF of the beef industry.  
The fact that the environmental impact (intended as kg of CO2 per kg of product) is heavier 
in beef meat production is also the conclusion of Roos and others (2013) who assessed 
the CF coming from 23 attributional LCA studies containing in total 53 scenarios of 
livestock production systems. 
According to the mentioned study, although the major impact of the bovine farming 
system comes from the emissions of NO2 (300 fold more potent GHG than CO2) from the 
feed production and CH4 from enteric fermentation (25 fold more potent greenhouse gas 
than CO2) according to the available scientific observations the results of the CO2 (kg/kg) 
production in the industrial animal farming deliver the following results: 
 
Meat Chicken 
meat 
Pork 
meat 
Beef 
meat 
Salmon 
Kg of CO2 per kg Min Max Min Max Min Max Min Max 
 1.8 5.2 3.6 8.8 11 43 1.8 2 
Table 5: Emissions of CO2 per kg of meat 
 
However, according to Roos (2013), the calculation of CF cannot provide robust results, 
at least not as precise as a conventional and exhaustive LCA study. 
  
 13 
 
4 Life Cycle Assessment (LCA) studies 
 
In general, LCA is a methodology where impact categories are used to assess and quantify 
the environmental load of a product or a process throughout its entire life cycle. Ideally, 
LCA purpose is to provide a tool to compare products, as well as to compare alternative 
life cycles for defined products. Finally, it can be used to identify the part of the life cycle 
where the greatest impact is observed, and explore alternative options. 
LCA has been used to quantify the impact of a number of different food: bread, beer, dairy 
products tomato, tomato, ketchup, rice, sugar, potatoes etc. However, as the present 
study is aimed to compare the impact in the production of alternative protein source 
(aquaculture versus other animal farming systems) the emphasis will be put on the main 
production of an animal farming system, i.e. the meat. 
According to Roy, P. and others (2009) most of the impact of the meat industry stays with 
feeding (length, production and type), animal housing (for the energy consumption) and 
manure storage. Environmental impact depends on the length of the feeding, and in fact 
the organic farming cannot be considered as less impactful per se. In fact, although it 
requires less pesticide more land is necessary. In addition, also the Feed Conversion Rate 
is an element to be considered, as the greater is FCR the higher is the impact due to the 
emission from feed production. In general, chicken production is reported to be the less 
impactful, followed by pork meat and, finally, beef meat. 
More recently (De Vries and others, 2010) a detailed comparison of LCA studies between 
the most important productions of food protein (pork meat, chicken meat, beef meat, milk 
and eggs) was performed, which reconfirms what observed earlier, i.e. the production of 
beef meat results in the higher consumption of land and energy. In addition, beef meat is 
the highest contributor to the global warming potential (GWP). Meat from other animal 
species (chicken, poultry), as well as other protein (egg, milk) demonstrated to have a 
gradually lower impact. The key element which make the production of beef meat different 
than in other animal species is the feed efficiencies, the differences in enteric emissions 
between ruminants and monogastric and finally the differences in reproduction rate.  
The key impact categories used to compare the performance of the animal species were 
Land use, Acidification Potential, Eutrophication Potential, Fossil energy, Climate change. 
The result (expressed for kg of protein) can be summarized as follow: 
 
 Land use 
(m2/kg of 
protein) 
GWP   
(CO2/kg 
of 
protein) 
Energy  
(Mj/kg of 
protein) 
AP 
(Acidificatio
n potential) 
EP 
(Eutrophication 
potential) 
Chicken 
meat 
42/52 18/36 
(3) 
80/152 Too large 
variation 
Too large 
variation 
Pork meat 47/64 21/53 
(3) 
95/236 “ “ 
Beef meat 144/258 
(1) 
75/170 
(2) 
177/273 “ “ 
Milk 33/59 24/38 
(3) 
37/144 “ “ 
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Eggs 35/48 30/38 
(3) 
87/107 “ “ 
Table 5: Impact categories values in the food production 
(1): less efficiency in the conversion of feed into meat and smaller number of progeny 
(2) N2O and CH4 are equally important for GWP 
(3) N2O is responsible for the largest part of the GWP 
 
LCA studies have explored the impacts of aquaculture farming in many commercially 
farmed species. However, the present exercise takes into consideration the most 
important marketed species, such as salmon, trout and tilapia.  
In general, in the aquaculture farming systems the feed production is the major contributor 
to the LCA Impact Categories. According to Ayres, N.W. and others (2009) this observation 
is applicable to marine net pen, marine bags, and land based flow through. The only 
exception, due to the intrinsic characteristic of that farming system, is the land based 
recirculating system where, instead, it is the energy demand (mainly electricity) to play 
the more substantial role of contributor to all impact categories usually considered (see 
Fig.1). 
 
 
Figure 1: from Ayers, N.W. and others (2009): a) marine net-pen; b) marine bag; c) land based 
flow-through and d) land based recirculating 
Concerning the aquaculture farming systems, the impacts of different trout farming 
systems have been explored in a number of LCA studies, in particular by D’Orbcastel et 
al. (2009) and, more recently, Samuel-Fitwi et al. (2013). 
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According to their studies, the recirculation systems have, compared to flow through 
systems, a lower global warming potential (GWP), lower net primary product use (NPPU), 
lower eutrophication and acidification potential (EP, AP), lower water dependence (WD) 
and surface use (SU) but a higher need for energy.  
Taking into consideration all impact categories of the recirculation systems, feed 
contributes to all impact categories, fish production and wastes to 50 to 60% of the 
eutrophication potential, and energy use was mainly due to electricity consumption 
(Martins et al., 2010).  
The global impact per ton of trout produced in the recirculation system is summarized in 
the following Table 6 (from D’Orbcastel et al., 2009) 
 
Im
p
a
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t 
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a
te
g
o
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e
s
  GWP  
(kg CO2 
eq.) 
NPPU  
(kg C) 
Energy  
(MJ) 
EP  
(kg PO4 
eq.) 
AP  
(kg SO2 
eq.) 
WD  
(m3) 
SU  
(m2) 
 1,602 21,432 57,659 17.8 10.5 6,634 2,097 
 
Table 6: Environmental impacts per ton of trout produced in a recirculation system (LCA by D’Orbcastel et 
al., 2009) from cradle to farm gate(GWP= Global Warming potential, NPPU= Net Primary Product Use, EP= 
Eutrophication Potential, AP= Acidification Potential, WD= Water Dependence, SU= Surface Use) 
 
Concerning Tilapia farming, Pelletier et al., (2010) carried out a LCA on frozen tilapia fillets 
from Indonesian lake-based and pond-based intensive aquaculture systems. The results 
for the different impact categories taking into account the LCA boundary “Cradle to 
processor gate” as well as the contribution of transport (frozen fillet transported by vessel 
to Europe), are shown in the following table: 
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t 
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GWP  
(Kg. CO2 
eq.) 
BRU  
(kg C) 
CEU  
(MJ) 
EP  
(kg PO2 
eq.) 
AP  
(kg SO2 
eq.) 
 2,220 2,760 29,300  48.4 27.5 
 
Table 7: Environmental impacts per tonne of frozen tilapia fillets tilapia in intensive lake and 
pond based production (LCA by Pelletier et al., 2010) from cradle to processor gate and 
including transport to Rotterdam 
(GWP= Global Warming potential, BRU = Biotic Resource Use, CEU = Cumulative Energy Use, 
EP= Eutrophication Potential, AP= Acidification Potential) 
 
Salmon farming impact has been frequently assessed by LCA technique, as it has become 
a commodity produced in high production volumes, and constantly present in the 
international trade. Some studies have been also aimed to compare different farming 
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systems in different countries (Pelletier at al., 2009), as differences exist in terms of 
materials as well as energy resource between countries of production. In their comparative 
LCA, the salmon production in Norway showed the lowest environmental impacts.  
The results of the farming system in place in Norway for one ton of product are 
summarized in the following table: 
 
Im
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t 
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 GWP  
(Kg. CO2 
eq.) 
BRU  
(kg C) 
CEU  
(MJ) 
EP  
(kg PO2 
eq.) 
AP  
(kg SO2 
eq.) 
 1,790 111,100 26,200  41 17.1 
 
In general, the comparison between the three farming systems confirm that the 
recirculation system is driven by energy and feed consumption, the two intensive systems 
for tilapia and salmon production behave similarly but with lower energy consumption 
while extensive systems (D’Orbcastel et al., 2009) are driven by the feed consumption 
mainly. Recirculation systems, in particular if applied for the farming of carnivorous species 
can ensure a lower eutrophication and a lower NPPU. Feed is anyway responsible for half 
of the environmental impacts (D’Orbcastel, 2009). 
Therefore, one may conclude that on the basis of the available LCA studies on aquaculture 
farming, production of aqua feed for carnivorous species as well as energy consumption 
for recirculation aquaculture systems still represent the major challenges in terms of 
environmental impact. 
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5 Conclusions 
 
Using the water footprint, carbon footprint and life cycle analysis, the present exercise 
looked at the protein production efficiency and environmental impact of diverse farming 
activities. Meat production (chicken, pork, beef) can be compared to aquaculture farming 
and, more specifically, to the production of the most frequently famed species (Trout, 
Tilapia, Salmon, Sea Bream and Sea barb). 
A major conclusion to be drawn is that aquaculture positions itself as one of the least 
impactful animal protein production industries. In fact, if we summarize the data from the 
scientific publications, it would immediately emerge the different impact as shown in the 
following table: 
 
 WFP GWP Energy EP AP Land 
required 
(m2/kg) 
 Surface 
water 
use 
Chicken 4,325 1.8>5.2 21>73 0.007>0.045 0.02>0.9 8.1>9.9   
Pork 5,988 3.6>8.8 18>59 0.015>0.08 0.02>0.07 8.9>12.1   
Beef 15,415 11>43 6>127 0.06>0.37 0.13>0.4 27>49   
         
Trout  1.6 57.6 0.0017 0.001   2.1>2.7 
Tilapia  2.2 29.3 0.0048 0.027   0.5>1 
Salmon  1.79 26.2 0.041 0.017   n/a 
Sea Bream 500        
Silver Barb 2,861        
Extensive  
farming 
     5   
Semi-extensive  
farming 
     2.5   
Semi-intensive  
farming 
     1   
Intensive  
farming 
     0.1   
Table 9: Comparative performance  
 
The comparably low impact of aquaculture activity includes the efficiency expressed in 
terms of square meters per kg of live weight. The fact that less space is required to produce 
fish than meat from other animal species should be considered as an additional impact 
indicator. This is particularly relevant in the context of the often vivid opposition to the 
creation of new farming sites. 
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A further element to be considered is also the comparison between the performances of 
the categories of proteins (animal or vegetal) from the point of view of the quantity of 
calories. In fact, the performance of the vegetable production (expressed as calories 
produced per m3 of water used) is much higher than in the animal farming industries. For 
instance, according to Mekkonen et al. (2012) the average footprint per calorie of beef is 
20 times larger than for cereals and starchy roots. In case the average is expressed in 
terms of grams of protein rather than calorie, the water footprint for the production of 
milk, eggs and chicken meat is 1.5 times larger than for pulses while for beef is 6 times 
larger. 
This suggests that, in the context of future global food security, considering a more 
vegetable-oriented diet scenario might be valuable, as also reported by several authors: 
In a study concerning the carrying capacity (interpreted as the number of people who 
could be fed from the same area of land available to produce the food required for a 
number of diet scenarios) Peters and others (2016) observed that the baseline diet had 
the lowest estimated carrying capacity (402 million persons) while the lacto-vegetarian 
diet had the highest (807 million persons). This would suggest that the inclusion of 
vegetable products in the diet would result in the possibility to feed more person with the 
same land.  
These elements should be taken into consideration when drafting policies which deal with 
food security in the light of a constantly growing world population and where, therefore, 
there is a need to identify the most reasonable policy of intensification of the protein 
productions and the resulting impact. 
Furthermore, some specific reflections on aquaculture need to be highlighted. In fact, it 
would be interesting to further contribute to the discussion in place on the sustainability 
of the use of the forage fish in the production of aqua-feed for carnivorous species. The 
production of fishmeal and fish-oil depend vastly on the exploitation of small pelagic fish, 
a renewable but also limited natural living resource. According to 2016 FAO Report on the 
state of the world marine fisheries resources as well as to the STECF assessment Database 
(https://stecf.jrc.ec.europa.eu/dd/medbs/ram) such stocks are in most cases fully and/or 
overexploited. This bags the substantial question on if and on what extent the feeding 
industry may deprive local population with an important source of protein. 
Looking at the available statistics, it is clear that the process of reduction of usage of 
fishmeal and fish oil as feed ingredients has started already and has resulted in improving 
the performance of the industry dramatically. In fact, for a total production of 37.4 million 
tons of relevant species (farmed finfishes, crustaceans, amphibians and reptiles) the 
aquaculture sector consumed the equivalent of 16.5 million tons of pelagic forage fishes, 
processed and incorporated in the aqua-feed. The FIFO (fish in/fish out) ratio is therefore 
0.44, making the aqua feed industry as a net producer of marine biomass. 
The scientific community is constantly working on the possibility to identify reasonable 
alternative solutions looking in particular at the possible replacement of animal protein 
components with vegetable ingredients, with the aim not to deprive too much marketed 
fish with one of the essential characteristics, i.e. the omega-3 polyunsaturated fatty acids.  
If we consider the average use of fishmeal and fish oil in the last 15 years, in fact, we can 
easily observe that the rate of incorporation moved from >50% (1995) to < 30% (2010) 
for fishmeal and from <30% to <20% for the fish oil (Shepherd and Jackson, 2013). The 
reduction in the fishmeal and fish oil is also due to many reasons, such as a better fisheries 
management and controls (reduction of fleet capacities and vessel quota), an increased 
use of byproducts from fish processing as source for fishmeal and fish oil, a more 
developed technological and breeding advances, and a slowdown of aquaculture growth 
rate.  
However, we need to take into consideration also the relevant impact on such replacement 
in terms of WFP which would lead us to a scenario equally not sustainable.  
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It is interesting to note, that if animal-based ingredients are replaced by ingredients of 
plant origin for aqua-feed production, the impact in terms of m3/ton would increase 
dramatically. In fact, in the production of gilthead seabream it has been estimated that 
need of water would move from 500m3 of water/ton to 6587 m3 of water/ton in case of 
replacement with vegetables ingredients. As far as the Atlantic salmon production is 
concerned, the need would almost double, from less than 2,000 to almost 4,000 m3/ton 
(Pahlov, 2015) due to the major WFP of the vegetable ingredients used in the alternative 
diet.  
Therefore, the discussion on the real sustainability of the industrial use of forage fish in 
the production of aqua-feed for carnivorous species should take into consideration not only 
the apparent advantages (availability of fish for the local population, less pressure on the 
forage fish population) but also the immediate impact (i.e. the WFP) on the intensified 
production of the vegetable ingredients for the replacement, in order to better identify the 
best possible alternative solutions.   
 
 20 
 
6 References  
United Nations System Task Team on the Post-2015 UN Development Agenda. 2012. 
Realizing the Future We Want for All.  
Kahn, S., Hanjra, M.A.  “Footprints of water and energy inputs in food production – Global 
perspectives” Food Policy 34 (2009) 130-140 
Molden, D., Oweis, T.Y., Steduto, P., Kijne, J.W., Hanjra, M.A., Bindraban, P.S., Bouman, 
B.A.M., Cook, S., Erenstein, O., Farahani, H., Hachum, A., Hoogeveen, J., Mahoo, H.,  
 
Nangia, V., Peden, D., Sikka, A., Silva, P., Turral, H., Upadhyaya, A., Zwart, S. 2007 
“Pathways for increasing agricultural water productivity” in Molden, D. (Ed.), Water for 
food water for life:A Comprehensive assessment of water management in agriculture. 
Earthscan/International Water Mangement Institute, London/Colombo 
 
Mekkonen, M. M., Hoekstra, A. Y., “A global assessment of the Water Footprint on the 
Farm Animal products” Ecosystem (2012) 15: 401-4015 
Gerbens-Leenes, P.W, Mekkonen, M. M., Hoekstra, A. Y., “The water footprint of poultry, 
pork and beef: A comparative study in different countries and production systems”, Water 
Resources and Industry 1-2 (2013) 25-36  
Palhares, J.C.P., Pezzopane, J.R.M., “Water footprint accounting and scarcity indicators of 
conventional and organic dairy production systems”, Journal of Cleaner Production 93 
(2015) 299-307 
De Boer, I.J.M., Hoving, I.E., Vellings, T.V., Van de Ven, G.W.J., Leffelaar, P.A., Gerber, 
P.J. “Assessing environmental impacts associated with freshwater consumption along the 
life cycle of animal products: the case of Dutch milk production in Noord-Brabant” Int J 
Life Cycle Assess (2013) 18: 193-2013 
Gephart, J.A., Pace, M.L., D’Odorico, P. “Freshwater savings from marine protein 
consumption” Environ. Res. Lett. 9 (2014) 014005 (8pp) 
Tacon, A.G.J., Hasan, M.R., Metain, M., “Demand and supply of feed ingredients for farmed 
fish an crustaceans” FAO Fisheries and aquaculture Technical paper 564 
Pahlow, M., van Oel, P.R., Mekkonen, M.M., Howkstra, A.Y. “Increasing pressure on 
freshwater resources due to terrestrial feed ingredients for aquaculture production” 
Science of the total environment 536 (2015) 847-857 
Friends of Earth, The land and water footprints of everyday products – Mind your step 
(2015) 
Flachowski, G., Hachenberg, S. “CO2 Footprints for Food of animal origin – Present stage 
and open questions” J Verbr Lebensm (2009):190-198 
Daemmegen, U., Haenel, H.D., “Emissions of greenhouses gases and gaseous air 
pollutants – a challenge for animal nutrition” Proc Soc Nutr Physiol (2008) 17:162-167 
Steinfeld, H., Gerber, P., Wassenaar, T., Castel, V., Rosales, M. & de Haan, C. “Livestock‘s 
long shadow - Environmental issues and options” FAO Agriculture Technical paper, 
Rome.FAO study (2006) 
FAO. The State of World Fisheries and Aquaculture 2016. Contributing to food security and 
nutrition for all. Rome. 200 pp. 
Nijdam, D., Rood, T., Westhowk, H. “The price of protein: Review of land use and carbon 
footprints from life cycle assessment of animal food products and their substitutes” Food 
Policy (2012) 760-770 and others 
 21 
 
Winther, U., Ziegler, F., Hognes, E.S., Emanuelsson, A., Sund, V., Ellingsen, H. “Carbon 
footprint and energy use of Norwegian seafood products”, SINTEF Fisheries and 
Aquaculture Report, December 2009 
Roos, E., Sundberg, C., Tidaker, P., Strid, I., Hansson, P.A. “Can carbon footprint serve 
as an indicator of the environmental impact of meat production?” Ecological indicators 24 
(2013) 573-581 
De Vries, M., de Boer, I.J.M. “Comparing environmental impacts for livestock products: A 
review of life cycle assessment” Livestock science 128 (2010) 1-11 
Ayer, N., Tyedmers, P.H. “Assessing alternative aquaculture technologies; life cycle 
assessment of salmonid culture systems in Canada” (2009) Journal of Cleaner Production 
17, 362-373 
Pelletier, N., Tyedmers, P., Sonesson, U., Scholz, A., Ziegler, F., Flysjo, A., Kruse, S., 
Cancino, B., Silverman, H. “Not all salmon are created equal: Life Cycle assessment (LCA) 
of global salmon farming system” Envirin Sci Technol (2009) 8730-8736  
Pelletier, N., Tyedmers, P. “Life cycle assessment of frozen tilapia fillets from Indonesian 
lake-based and pond-based intensive aquaculture systems” Journal of Industrial Ecology 
(2010) 14(3) 467-481  
D’Orbcastel E.R., Blancheton, J.P., Aubin, J “Towards environmentally sustainable 
aquaculture: comparison between two trout farming systems using Life Cycle Assessment” 
Aquaculture Engineering 40 (2009) 113-119   
Roy, P., Nei, D., Orikasa, T., Xu, Q., Okadome, H., Nakamura, N., Shiina, T. “A review of 
life cycle assessment (LCA) on some food products” Journal of Food Engineering 90 (2009) 
1-10 
Peters, J.C., Picardy, J., Darrouzet-Nardy A.F., Wilkins, J.L., Griffin T.S., Fick, G.W. 
“Carrying capacity of U.S. agricultural land: Ten diet scenarios” Elementa: Science of the 
Anthropocene, doi: 10.12952/journal.elementa.000116 
Shepherd, C.J., Jackson, A.J. “Global fishmeal and fish-oil supply: inputs, outputs and 
markets” Journal of fish biology (2013) 83, 1046-1066 
Robinson, T.P., Thornton P.K., Franceschini, G., Kruska, R.L., Chiozza, F., Notenbaert, 
A., Cecchi, G., Herrero, M., Epprecht, M., Fritz, S., You, L., Conchedda, G. & See, L. 
2011. Global livestock production systems. Rome, Food and Agriculture Organization of 
the United Nations (FAO) and International Livestock Research Institute (ILRI), 152 pp. 
 
FAO. World livestock 2011 – livestock in food security. Technical report, FAO Publications, 
Rome, 2011 
 
Robinson, T.P., Thornton P.K., Franceschini, G., Kruska, R.L., Chiozza, F., Notenbaert, A., 
Cecchi, G., Herrero, M., Epprecht, M., Fritz, S., You, L., Conchedda, G. & See, L. 2011. 
Global livestock production systems. Rome, Food and Agriculture Organization of the 
United Nations (FAO) and International Livestock Research Institute (ILRI), 152 pp. 
 
Avnimelech, Y., Verdegem, M.C.J., Kurup, M., Keshavanatah, P. “Sustainable Land-based 
Aquaculture: Rational utilization of Water, Land and Feed Resources” Mediterranean 
Aquaculture Journal 1 (2008) 45-55 
 
Bonhommeau, S., Dubroca, L., Le Pape, O., Barde, J., Kaplan, D.M., Chassot, E., Nieblas, 
A.E., “Eating up the world’s food web and the human trophic level” PNAS (2013) 110 (51) 
20617–20620 
 
Nielsen Global Survey of Corporate Social Responsibility, June 2014 
 
Blonk, H., Kool, A., Luske, B., 2008. Milieueffecten van Nederlandse consumptie van 
 22 
 
eiwitrijke producten (in Dutch, Environmental effects of Dutch consumption of 
protein-rich products). BMA/VROM, Gouda. 
 
 23 
 
List of abbreviations and definitions  
WFP Water Foot Print 
CF Carbon Foot Print 
CO2 Carbon Dioxide 
CH4 Methane 
N2O Nitrous Oxide 
LCA Life Cycle Assessment 
GWP Global Warming Potential 
AP Acidification Potential 
EP Eutrophication Potential 
NPPU Net Primary Product Use 
WD Water Dependence 
SU Surface Use 
BRU Biotic Resource Use 
 
 
 24 
 
List of figures  
Figure 1: from Ayers, N.W. and others (2009): a) marine net-pen; b) marine bag; c) land 
based flow-through and d) land based recirculating 
 25 
 
List of tables  
Table 1: WFP of some protein production 
Table 2: WFP and land use of some industrial production 
Table 3: distribution of emissions 
Table 4: Emission of kg per kg of edible protein 
Table 5: Emissions of CO2 per kg of meat 
Table 6 Environmental impacts per ton of trout produced in a recirculation system  
Table 7: Environmental impacts per tonne of frozen tilapia fillets tilapia in intensive lake 
and pond based production 
Table 8: Environmental impacts per tonne of Salmon  
Table 9: Comparative performance
 26 
 
 
  
  
GETTING IN TOUCH WITH THE EU 
In person 
All over the European Union there are hundreds of Europe Direct information centres. You can find the 
address of the centre nearest you at: http://europea.eu/contact 
On the phone or by email 
Europe Direct is a service that answers your questions about the European Union. You can contact this 
service: 
- by freephone: 00 800 6 7 8 9 10 11 (certain operators may charge for these calls), 
- at the following standard number: +32 22999696, or 
- by electronic mail via: http://europa.eu/contact 
FINDING INFORMATION ABOUT THE EU 
Online 
Information about the European Union in all the official languages of the EU is available on the Europa 
website at: http://europa.eu 
EU publications 
You can download or order free and priced EU publications from EU Bookshop at: 
http://bookshop.europa.eu. Multiple copies of free publications may be obtained by contacting Europe 
Direct or your local information centre (see http://europa.eu/contact). 
K
J-N
A
-2
8
7
9
2
-E
N
-N
 
doi:10.2760/01007 
ISBN 978-92-79-73832-6 
